Right ventricular function at rest and during exercise was examined in a group of patients with symptomatic aortic or mitral valve disease, or both. The right ventricular ejection fraction was less than 45% in 22 of 36 patients at rest and in 12 of 17 subjects at symptomlimited, supine bicycle exercise. The right ventricular ejection fraction failed to increase more than 5% with exercise in 17 of 17 patients. The central venous pressure was greater than 5 mm Hg in 18 of 36 patients at rest and in 13 of 17 patients at maximal exercise. There was a significant inverse relation between rest right ventricular ejection fraction and mean pulmonary artery pressure (r = -0.47, P < 0.05) and between rest right ventricular ejection fraction and mean central venous pressure (r = -0.39, P < 0.05). There was no significant
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The development of geometric methods of contrast angiographic right ventricular analysis and count-based radionuclide methods of right ventricular analysis have allowed measurement of the right ventricular ejection fraction at rest and during exercise 0-6). Previous reports (7) (8) (9) (10) have suggested that right ventricular dysfunction is common in patients with aortic or mitral valve disease, or both. The pathophysiologic mechanisms of right ventricular dysfunction at rest or during exercise in aortic and mitral valve disease are poorly understood. A number of studies (7.8) have suggested that right ventricular dysfunction in these conditions is caused by increased afterload primarily related to pulmonary hypertension. Nevertheless, right ventricular dysfunction can occur in the absence of pulmonary hypertension (1), right ventricular function can be maintained in some cases despite pulmonary hypertension (9) and not all studies (9, 10) have shown strong correlations between relation between the exercise values of these variables. In individual patients, the changes in right ventricular ejection fraction and pulmonary artery pressure with graded exercise were nonlinear.
It is concluded that right ventricular function is not a simple function of pulmonary artery pressure at rest or during exercise in aortic and mitral valve disease. Less than one-quarter of the variation in right ventricular ejection fraction at rest can be explained by the variation in pulmonary artery pressure, and the finding of a normal (>45%) right ventricular ejection fraction does not reliably exclude the possibility of pulmonary hypertension in a patient with valvular heart disease.
o Am Coil CardioI198S; [5] [6] [7] [8] the right ventricular ejection fraction and pulmonary artery pressure in aortic and mitral valve disease.
This study used clinical, hemodynamic and ventriculographic data to define changes in right ventricular function and its determinants that occurred with exercise in a group of patients with aortic and mitral valve disease confirmed by catheterization. Specific questions posed by the study were: I ) is there an inverse relation between right ventricular ejection fraction and pulmonary artery pressure during exercise as well as at rest? 2) how is this relation influenced by the degree of left ventricular dysfunction and the presence of concomitant coronary artery disease? and 3) does decreased right ventricular function at rest limit exercise capacity?
Methods
Study patients and clinical features. Clinical data for the patients in this study are summarized in Table I , The study group consisted of 36 subjects with aortic or mitral valve disease confirmed by cardiac catheterization. All patients were symptomatic with dyspnea or fatigue, or both, Coronary angiography was performed in 33 patients (Table  2) and revealed coronary artery narrowing of greater than 70% in 9 patients: 5 with single vessel disease, 2 with double 0735-10971851$330 AR  21M  NSR  2  4  800  2  AR  65M  NSR  I  4  400  3  AR  30M  NSR  I  4  500  4  AR  22M  NSR  2  4  600  5  AR  52M  NSR  2  3  300  6  AR  62M  NSR  3  3  200  7  AR  64M  NSR  2  2  400  8  AR  65M  NSR  2 I  27  AS  57M  NSR  2  28  AR,AS,COPD  66M  NSR  2  I  200  29  AR,AS, CO PO  60M  NSR  2  3  100  30  MS, MR  31M  A Fib  I  3  31  AR,MS  46M  NSR  3  4  400  32  AR,MS  64M  NSR  I  NO  400  33  AR.MS  46F  NSR  3  4  34  AR, MR  66M  A Fib  3  3  35  AR, MR, Cardiomy  38M  NSR  4  3  36  AR,AS,MS  61M  NSR   3   4 A Fib = atrial fibrillation; Angio Regurg = qualitative angiographic assessment of aortic or mitral regur- Angiographic tricuspid regurgitation: present (+ l or absent (-); Coronary Anatomy = >70% luminal narrowing as assessed by coronary arteriography; CYP = mean central venous pressure (mm Hg); Echo = echocardiographic; LAD = left anterior descending coronary artery; LCx = left circumflex coronary artery; LYEDD = M-mode echocardiographic left ventricular end-diastolic dimension (em); LYEI' = left ventricular ejection fraction; ND = not done; NL = normal; Normal = values from normal subjects as reported in reference 6, PAP = mean pulmonary artery pressure (mm Hg): PWP = mean pulmonary wedge pressure (rnm Hg); RCA = right coronary artery; R/E = rest/exercise; RYEI' = right ventricular ejection fraction.
Supine bicycle exercise was conducted according to the protocol used previously (6), Patients began exercise at a work load of 200 kpm which increased by 200 kpm per 4 minute stage until symptom-limited maximal exercise was reached. A single lead electrocardiogram and pressure recordings were obtained after 2 minutes into each stage. In individual patients, it was necessary to increase the work load by less than 200 kpm and patients frequently stopped exercising before the end of a 4 minute stage. In no patient was exercise begun at a work load of less than 100 kpm and in no patient were pressure recordings obtained at less than I minute into a stage of exercise, After exercise, patients were allowed to rest for 10 min utes and their clinical catheterization was completed, Thi included contrast left ventriculography in all patients, con trast aortography in those patients with clinical aortic re gurgitation and coronary angiography by the Judkins tech nique in 33 of the 36 patients. The degree of valvula regurgitation was assessed qualitatively by two experience angiographers according to the scale of Delaney (14), Radionuclide imaging. In all 17 patients who per formed exercise, radionuclide ventriculography was per formed during the exercise test by previously describe! methods with minor modifications (6). This study was si multaneous with catheterization measurements. The remaining 19 patients had rest radionuclide ventriculography by the same methods within I week of catheterization. Briefly, 10 mg of stannous pyrophosphate was injected intravenously. After at least 10 minutes, 25 mCi of technetium99m pertechnate was injected intravenously. After at least another 10 minutes for in vivo labeling and equilibration, a portable gamma camera (Technicare series 120) equipped with a multipurpose parallel-hole collimator was placed in the left anterior obliquity that provided the best ventricular separation with 5 to 10°caudal angulation. A dedicated computer (MDS-A 2 ) was used to acquire digital images.
Count and image acquisition occurred under electrocardiographic control with 26 frames for the blood pool studies. (5, 6, 15) . Briefly, a box was placed around the ventricle on the first frame or image. The pperator set thresholds for each of four quadrants around the box so that a continuous line was drawn around the ventricle on this image. The thresholds were a percent of the maximal counts within the box. The computer used this box and the thresholds to draw a separate ventricular region for each frame. The operator viewed these regions and determined whether to accept or alter them. It was seldom necessary to alter any of the left ventricular regions, but it was frequently necessary to alter right ventricular systolic frames as in the right ventricular validation study (5) . The most frequent alteration was removal of atrial pixels in the upper left quadrant. Decisions regarding operator intervention were made after viewing the study both in cine mode and with phase analysis. The use of phase analysis to provide atrial/ventricular separation has been described in detail elsewhere (6) . The computer-selected left ventricular background, expressed as counts per pixel, was subtracted from each frame. Using the respective regions of interest, background-corrected time-activity curves were obtained for both the right and left ventricles.
Ejection fraction was calculated from the following formula: ejection fraction = stroke counts/end-diastolic counts, where end-diastolic counts = peak of the time-activity curve, usually the first frame, end-systolic counts = the trough and stroke counts = end-diastolic counts -end-systolic counts. When blood pool studies are processed in this manner, the right ventricular ejection fraction is highly reproducible and there is a strong correlation between blood pool and gated first pass right ventricular ejection fraction (n = Contrast right ventriculography. Right ventricular contrast ventriculography was performed at the time of catheterization in 10 patients (Cases 27 to 35). Renografin-76 was injected through a 7F angled pigtail catheter with a power injector at a rate of 12 ml/s for 3 seconds with a I second rate increase. Single plane images were obtained in a 30°right anterior obliquity. The films were reviewed blindly to assess technical quality and diagnose t*uspid regurgitation.
Results
Rest and exercise right ventricular function in aortic or mitral valve disease (Table 2 ). In our laboratory, a normal right ventricular ejection fraction is 45% or greater (6) . The right ventricular ejection fraction was less than 45% in 22 of the 36 patients studied at rest and in 12 of the 17 studied at symptom-limited supine exercise. In the latter patients, the right ventricular ejection fraction did not increase more than 5% between rest and maximal exercise. The central venous pressure was greater than 5 mm Hg in 18 of 36 patients at supine rest and in 13 of 17 subjects during exercise. There was a significant inverse relation between the rest central venous pressure and right ventricular ejection fraction (r = -0.39, P < 0.05). There was no significant relation between the exercise values of these variables. Of the 22 subjects with a right ventricular ejection fraction at rest of less than 45%, 14 also had a central venous pressure greater than 5 mm Hg.
Pulmonary artery pressure and its relation to right ventricular ejection fraction (Table 2) . Pulmonary hypertension, defined as mean pulmonary artery pressure greater than 20 mm Hg, was present in 22 of 36 patients at rest and in 13 of 17 patients during symptom-limited supine exercise. The right ventricular ejection fraction at rest was significantly lower in the group with pulmonary hypertension than in the group with normal pulmonary artery pressure (36 versus 44%, p < 0.05), but there was considerable overlap. The right ventricular ejection fraction was related to the pulmonary artery mean pressure at rest (r = -0.47, P < 0.05), but not at exercise.
When the 17 patients who performed exercise were classified into groups with (n = 8) and without (n = 9) mean pulmonary artery pressures at rest greater than 20 mm Hg, there was no significant difference between groups in rest (38 versus 42%) or exercise (34 versus 39%) right ventricular ejection fraction (Fig. I) . In individual patients (Fig.  2) , the changes in right ventricular ejection fraction and mean pulmonary artery pressure that occurred over graded, supine bicycle exercise were nonlinear.
Eight patients had a normal rest mean pulmonary artery pressure (-=0;20 mm Hg) and an abnormally low right ventricular ejection fraction «45%).
None of the eight had a right coronary artery lesion or inferior left ventricular wall motion abnormality, but seven of the eight had reduced global left ventricular function (left ventricular ejection fraction <55%). One subject (Case 1) had a low exercise right ventricular ejection fraction with a normal mean pulmonary artery pressure and a normal exercise left ventricular ejection fraction.
Six patients at rest and five at exercise had a normal right ventricular ejection fraction (245%) with pulmonary hypertension (pulmonary artery pressure >20 mm Hg]. Two of the six subjects studied at rest had contrast right ven- Figure 1 , Rest andmaximal supine exercise tightventricular ejection fraction (RVEF) for eight patients with pulmonary hypertension at rest (mean pulmonary artery pressure [PAP] greater than 20 rnm Hg) (left) and nine patients with normal pulmonary artery pressure at rest (20 mm Hgor less) (right). There is no significant difference between either the rest (38 versus 42%) or exercise (34 versus 39%) values. patients with (n = 12)and without (n = 5) a left ventricular ejection fraction at rest of less than 55%, there was no significant difference between groups in either rest (40 versus 40%) or exercise (38 versus 36%) right ventricular ejection fraction (Fig. 3) . Septal motion was not paradoxical in any of the 30 subjects evaluated by M-mode and two-dimensional echocardiography. Triple vessel coronary artery disease was present in 2 of the 33 patients who had coronary arteriography.
Of the 22 patients with a right ventricular ejection fraction at rest of less than 45%, 5 had proximal right coronary artery lesions. All five of these patients had pulmonary hypertension (mean pulmonary artery pressure >20 mm Hg).
Consequences of right ventricular function in aortic or mitral valve disease. Patient symptoms, as assessed by the New York Heart Association functional classification, correlated weakly with the right ventricular ejection fraction at rest (r = -0.39, P < 0.05). In contrast, the functional is also important. Recent studies (22, 23) have suggested that in some patients with left ventricular failure, exercise capacity and prognosis may be determined by right ventricular function. If this is true, the right ventricular ejection fraction/pulmonary artery pressure relation may be a determinant of exertional symptoms among patients with valvular heart disease. It is even conceivable that the right ventricular ejection fraction might provide an objective means of timing valve replacement in patients with asymptomatic regurgitant lesions. This study examined the relation between the right ventricular ejection fraction and mean pulmonary artery pressure at rest by considering the influences of left ventricular function and coronary anatomy. It then sought to extend these observations to graded, symptom-limited, supine bicycle exercise.
Pulmonary artery pressure versus ejection fraction. This study demonstrates that right ventricular dysfunction, defined as a right ventricular ejection fraction of less than 45%, is not a simple function of mean pulmonary artery pressure in aortic or mitral valve disease. Although pulmonary hypertension and an abnormally low right ventricular ejection fraction frequently coexisted, pulmonary artery pressure and right ventricular ejection fraction were weakly correlated at rest and not significantly correlated during exercise. Examination of the data from individual patients indicates that the changes in right ventricular ejection fraction and mean pulmonary artery pressure that occurred over graded exercise did not occur in a linear fashion (Fig. 2) .
How can the right ventricular ejection fraction be maintained despite significant right heart pressure overload? It is wall stress rather than systolic pressure that most closely approximates ventricular afterload (24) . Therefore, ventricular hypertrophy is one mechanism by which systolic function can be maintained despite significant elevations of pressure (9) . Conversely, ventricular dilation can be expected to produce elevation in afterload despite normal or only mildly elevated pressure; this is one reason that volume overload states have been excluded from previous studies of the right ventricular ejection fraction/pulmonary artery pressure relation (8) .
Tricuspid regurgitation. Although several studies (7,10) have suggested that the presence of tricuspid regurgitation does not alter the right ventricular ejection fraction/ pulmonary artery pressure relation in groups, it is still conceivable that in individual patients it provides a mechanism for maintained ejection fraction despite significant pressure overload. Two patients (Cases 33 and 36) in this series may be examples; both had a normal right ventricular ejection fraction despite pulmonary hypertension and marked elevation of central venous pressure with unequivocal angiographic tricuspid regurgitation.
Effect of coronary artery disease on right ventricular ejection fraction. The role of coronary artery disease in determining right ventricular function has also received con- 
Discussion
Effect of mean pulmonary artery pressure on right ventricular ejection fraction. The degree to which afterload, primarily a function of pulmonary artery pressure, alters right ventricular ejection fraction is a controversial topic (6) (7) (8) (9) (10) (11) (17) (18) (19) (20) (21) . Previous studies (7, 8) have independently reported strong inverse correlations between the right ventricular ejection fraction and the pulmonary artery pressure at rest. These studies are in conflict with other reports (9,10) that did not find significant inverse correlations between these variables. Resolution of this conflict has clinical significance because radionuclide ventriculography allows for the noninvasive determination of the ejection fraction. Thus, it might be possible to diagnose pulmonary hypertension noninvasively in patients with valvular heart disease (II).
The extension of these concepts to include exercise data class did not correlate with the left ventricular ejection fraction at rest. Right ventricular ejection fraction did not correlate with exercise work load.
In a follow-up period ranging from 6 to 40 months, six patients have died, two from the group with a normal right ventricular ejection fraction and four from the group with a right ventricular ejection fraction of less than 45% (p = NS). Of the 22 patients with a right ventricular ejection fraction at rest of less than 45%, 14 underwent valve replacement (7 aortic, 6 mitral, I aortic and mitral). Of the 14 patients with a right ventricular ejection fraction at rest of 45% or geater, 9 underwent valve replacement (5 aortic, 4 mitral).
siderable attention (25) (26) (27) (28) (29) (30) . In most studies of large groups of unselected patients with coronary artery disease (2.25,30), significant right ventricular dysfunction has been rare in the absence of triple vessel disease. Sim ilarly, a number of studies (30) have shown significa nt positi ve relations between the left and right ventri cular ejection fraction s in groups of patients with coronary artery disease . It has been suggested that in most of the se subjects, triple vesse l disease and left ventricular dysfunction lead to passive pulmonary hypertension , which in tum leads to right ve ntricular dysfunct ion (30) . Despite these general result s , it is recogni zed that isolated right ventricular dysfunction can occur at rest or during exercise in coronary disease (27 ,29) . In this stud y, the absence of a left ventricular inferior wall motion abnormality on any of the contrast or radionuclide ventriculogram s is evidence against the presenc e of right ventricular infarction (27,3 1,32) . In addition , the only patients in this series with proximal right coronary lesion s and right ventricular dysfunction had either pulm onary hypert ension or left ventricular dysfunction, or both . Th erefore, the role of coronary artery disease would appe ar to be of secondary import ance in these patients, and right ventricular dysfun ction does not appear to be attributable to right ventricular infarction in any of these subjects .
Left versus right ventricular ejection f raction. As stated previou sly, left ventr icular ejection fraction has been correlated with right ventricular ejection fraction in a numb er of cond itions , most notabl y coronary artery disease , but not in aortic or mitral valve disea se (30) . In this series, althou gh there was considerable overlap, no sig nificant relation was found between left and right ventricular ejection fractions at rest or during exercise. Although the ejection fraction s are not simply related, the size . shape and compliance of one ventricle are known to affect the size , shape, pressure and systolic function of the other ventricle . This ventricular interdependence occurs as a result of share d septum, shared circular muscle bundles and the con straining action of the pericardium (20) .
Clinical implications. Right ventricular dysfun ction is multifactorial in aorti c and mitral valve disease. Although a weak inverse relation was found between measures of right ventricular eje ction fraction and mean pulm onary artery pressure at rest, this relat ion can only account for a small proportion of the ejection fraction variance, and no relation emerged from the exe rcise values . Similarl y. although most patients in this series with right ventricular dysfunct ion had concomitant left ventri cul ar dysfunct ion . I ) there was no significant co rrelation betwee n the right and left ventricular ejection fracti ons at rest or durin g exercise. and 2) passive pulmonar y hypert ension was not uniforml y present in these patients. Under these circumstances . the right ventr icular ejection fraction appea rs to provide complementary although not completel y independent information concerning the rest and exercise left ventricular ejection fraction and hemodynamics in these co nditions. Spe cifically , it does not app ear warranted to ass ume that a normal (2:45 %) right ventricular ejection fract ion excludes significant pulm onary hypertension . The role and mechanisms of right ventricular dysfun ction in aortic and mitral valve disease require further study .
During the ir fellows hips in cardio logy at the University of Arizo na. the follow ing physician s pa rticipated in the rest or exercise ca theteriza tion studies of one o r more of our patien ts: Stephe n Algeo . MD. Rich ard Gay. MD. Charles Kat zenberg . MD. Karl Kern . MD and Jose ph Knapp , MD. Fig ures I and 3 wer e prepared by G wyneth Roske and Figur e 2 was pre pared by the Biomed ical Co mmunication Depa rtme nt of the Arizo na Health Scie nces Center. Th e manu scrip t was pre pa red by Mar y Bryson .
